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Introduction
As a powder metallurgy (PM) technology, hot isostatic pressing (HIP) has the characteristics of traditional powder metallurgy technologies alongside a high material utilization rate and rapid densification, which gives HIP unique advantages in the preparation of high-performance and complex struc-j m a t e r r e s t e c h n o l . 2 0 2 0;x x x(x x):xxx-xxx tures with elastic modulus values between 17 and 30 GPa, thus matching the elastic modulus of human bones. Suresh et al. [4] explained that a spark plasma-sintered sample after HIP exhibited higher conductivity because of the higher density and finer grain size. According to the characteristics of the HIP process, HIP is generally applied as a low-cost approach by which to manufacture complex parts with special performance requirements. For example, Hassanin et al. [5] introduced a manufacturing technology that combined the SLM method with HIP and verified that the processing effect of this combined approach was better than that of the SLM method. Yang et al. [6] studied the magnetic properties and microstructure of NdFeB sintered magnets fabricated by HIP and verified that HIP is a promising method by which to obtain high-density and high-coercivity NdFeB sintered magnets. Zhang et al. [7] studied the multiaxial fatigue behavior of HIP Al-Si casting alloy with strontium added, and the experimental results indicated that the modified alloys with HIP treatment exhibited the best fatigue properties. Titanium alloys are currently among the most widely used precious metals, and HIP technology for titanium alloys has been studied and applied for more than 20 years. Xu et al. [8] reviewed the research progress of titanium alloy powder HIP made in the last decade. The mechanical properties of four PM titanium alloys and their wrought and cast versions were compared, and the key issues affecting the powder densification were discussed. Baccino et al. [9] proposed a set of forming process systems calledÏSOPRECön the basis of HIP near-net forming technology. Moreover, they used atomized titanium alloy powder HIP to form disc and shaft parts with an error of 0.1 mm. Yuan et al. [10] used atomized titanium alloy powder to produce axisymmetric complex parts, which are used in aerospace fields, by HIP, and these parts exhibited better performance than did equivalent forged parts. Li et al. [11] proposed a method of adding nano-WC into titanium alloy powder and experimentally verified that the addition of nano-WC significantly improved the HIP effect of the titanium alloy. Xu et al. [12] prepared a dense, thin-walled rotary body of Ti6Al4V alloy by means of HIP with atomized spherical Ti6Al4V alloy powder and proposed the viewpoint ofẅeak side shrinkage. Duan et al. [13] studied the HIP densification process of atomized Ti6Al4V alloy powder by means of an intermittent experiment. In their study, the HIP process was divided into four stages. Their experimental results showed that the material utilization rate and product performance of the HIP method were better than those of casting. Wu et al. [14] used atomized Ti6Al4V alloy powder to carry out the HIP process of blade disc structural parts and analyzed the tensile mechanical properties and microstructural morphology of the parts. Their experimental results showed that the comprehensive mechanical properties of the formed parts were superior to those of equivalent forged parts.
The above studies mainly used atomized titanium alloy powder as a raw material to form complex parts by HIP and improved the forming effect by optimizing the HIP process, whereas fewer studies involved the use of HIP technology for raw materials with the same composition but different physical properties. In fact, the densification behavior of metal powders and the microstructures and properties of sintered bulks in the HIP process will be greatly affected by the prepa-ration methods of the raw materials. Among the various preparation methods, the high-energy ball milling method is becoming increasingly mature in the preparation of titanium alloy powders, and the application of ball-milled titanium alloy powders in HIP is also increasing. Compared with atomized powders, ball-milled powder have obvious differences in surface energy, particle size, viscosity and other physical properties; hence, the performance of HIP parts produced with ball-milled powder are substantially different than that of HIP parts produced with atomized powder. Yoon et al. [15] sintered titanium alloy powders with different particle sizes that were prepared by two methods based on microemulsionmediated synthesis and an alkoxide-hydroxide method. Their results showed that the starting temperature of powder densification was lower with smaller particle sizes. Zou et al. [16] found that the thickness of the gradient layer and the quantity of abnormal WC particles of products were affected by the size of the powder particles when a HIP process was used to prepare ultrafine crystalline cemented carbides; they verified their results by analyzing the decomposition, diffusion and grain growth of nano-Ti (C, N) using the finite element method (FEM). Bohn et al. [17] created pure and controllable processing conditions to study the influence of the microstructures of secreted particles on the mechanical properties of HIP parts. They verified that the HIP quality of high-energy milled powder was greatly affected by the powder preparation method, and the strength of the parts was most affected by the particle size of the material. Yu et al. [18] synthesized ultrafine-grained titanium alloy by subjecting powders to a combination of subzero-temperature milling and HIP. The resulting size, morphology and microstructure of the powder particles demonstrated that subzero-temperature milling significantly enhanced the effectiveness in forming and refining the Ti-based composite structure. Nadakuduru et al. [19] prepared titanium alloy powder by high-energy mechanical milling and produced bulk ultrafine-grained titanium alloy by HIP. Their results showed that the produced alloy exhibited high compressive yield strength at room temperature and high tensile and compressive ductility at elevated temperatures greater than or equal to 800 • C. Guyon et al. [20] performed a comparative study on the densification processes of atomized and milled titanium alloy powders. They found that the defects in the milled powder produced during the milling process were beneficial to nucleation, and the densification starting temperature of milled powder was lower than that of atomized powder. Yang and his co-authors [21] [22] [23] performed more experimental research on high-strength titanium alloys with different physical properties and microstructures. They studied the effects of titanium and Ti6Al4V powders with the same compositions and different physical properties on the densification behaviors as well as the structures and properties of sintered bodies. Their results indicated that lower values of the densification comprehensive influencing factor f and the viscous flow activation energy Q of milled powders made the initial densification temperature of milled powders lower than those of atomized powders and made the relative density higher in the later stage of the HIP process.
Pham et al. [24] reported a method of producing carbon nanotubes by HIP using alloy powders prepared by high-energy milling, and the forming effect was verified by observing the changes in the powder microstructure. Therefore, more attention should be given to the HIP of milled titanium alloy powder for the preparation of highperformance fine-grained alloys, as well as to the study of the whole densification process of this powder and relative comparisons with atomized titanium alloy powder. Such studies will help reveal the changing law of titanium alloy powder and improve the forming quality of HIP.
HIP is a highly nonlinear thermomechanical coupling process. The large deformation and thermal stress of powder can make the powder exhibit relatively special mechanical behavior. Because traditional observation methods have difficulty tracking the powder flow at each time point in the densification study, an effective and feasible method by which to solve the problem is considering the titanium alloy powder as a compressible continuum for macromodeling and FEM simulations based on plastic mechanics theory. Yuan et al. [10] described the fundamental principles and assumptions underlying an FEM model for the analysis of powder densification behavior and used this model to predict the final dimensions of shaped components produced from HIP Ti-6Al-4 V powder. Wei et al. [25] used a constitutive equation derived from the Perzyna elastic-viscoplastic equation in the finite element analysis of powder HIP complex-shaped parts. The model of the stick-slip boundary was established to solve the thermomechanical coupling problem. Svoboda et al. [26] proposed a visco-elastic-plastic constitutive equation combined with creep based on the continuum theory, which considered the influence of the relative density, and they employed this model in the HIP simulation of cylindrical parts and turbine disc parts. They performed HIP tests to verify that their numerical model more accurately described the HIP densification process of steel-based powders. Van Nguyen et al. [27] regarded powder as a continuum and considered the creep characteristics of powder at high temperatures in macroscopic finite element simulations to study the influence of the particle size and temperature gradient of the powder on HIP complex parts. Their numerical model was verified by comparing the predicted and experimental results. Teraoku [28] employed the modified Shima yield criterion, which regarded the powder as a compressible continuum, to simulate the Ti6Al4V powder HIP of turbine disc parts, in which some material properties were obtained by high-temperature uniaxial compression tests of Ti6Al4V compression samples with different densities. Zhou et al. [29] used the Arrhenius powder creep equation to describe the viscoplastic deformation behavior of powders in the HIP. They used the Perzyna models to describe the material deformation at different temperatures, and they simulated the densification, deformation and stress distribution of compacts using Marc software. The above studies show that for current numerical simulations of powder flow and densification behavior in HIP, the main research objects are axisymmetric parts with different raw materials and structural sizes, and numerical simulations focus on the relative density changes in powder compacts, the deformation and optimization of cans and the optimization design of shaped control parts. However, for powders with different physical properties, for example, atomized powders and milled powders, there are few comparative studies on their densification behaviors. This paper conducts a numerical simulation and experimental study on the HIP process of milled and atomized Ti6Al4V powders. A modified Shima model is employed to describe the powder, and a finite element algorithm of the HIP thermomechanical coupling model is studied. The key mechanical and thermophysical parameters of the two kinds of powder are measured by relevant physical experiments, and a uniform HIP process route for the alloy powders is determined. The distributions and variations of the powder flow and relative density of HIP compacts are simulated, and the densification behaviors of the two kinds of powder under the same conditions are comparatively analyzed. The deformation, density distribution, Rockwell hardness, microstructure and mechanical properties of HIP Ti6Al4V samples are tested and compared with the simulation results.
HIP experimental method
The research object is an axisymmetric cylindrical compact. The processes of can design, powder filling, welding and degassing are conducted prior to HIP. The can structure and loose powder is shown in Fig. 1 , wherein the wall thickness is 2 mm, and a degassing hole with a diameter of 6 mm is added at the center of the upper cover. To minimize the stress concentration during the HIP process, the body and the upper and lower end covers are welded via tungsten inert gas welding after removing impurities and surface oxides with an ultrasonic cleaner. The powder is added after welding to avoid oxidation of the powder caused by the heat of welding. Subsequently, the can is vacuum-degassed for 4 h at 700 • C to make the vacuum degree reach 10 −1 Pa. HIP experiments using two kinds of compacts are carried out on a MIN-HIPper QIH-15 hot isostatic press (ABB Company). The same HIP process route is used for both the simulation and the experiment, as shown in Fig. 2 . First, the temperature is increased to 240 • C to soften the can. Subsequently, the temperature and pressure are increased to 910 • C and 110 MPa, respectively, within 4 h and then maintained for 120 min. Finally, the temperature and pressure are decreased to normality within 1.5 h, and the powder compacts are cooled within the furnace.
3.
Numerical modeling
Mathematical model

Plasticity theory of titanium alloy powder HIP
To describe the plastic deformation of the powder body, the titanium alloy powder is regarded as a compressible continuum based on continuum mechanics, and the modified Shima model is employed for numerical analysis. Shima and Oyane [30] updated the formula of the ellipsoidal yield criterion for metal powder from the stress-strain curves for sintered copper with various apparent densities, and the updated yield criterion expression is defined as follows:
where y is the uniaxial yield stress, ' is the deviatoric stress tensor, P is the hydrostatic pressure, and and ˇ are material parameters that vary with respect to the relative density . These material parameters can be expressed as follows:
According to the theory of plastic mechanics, the principal stresses 1 , 2 , and 3 are expressed in the form of strain increments, and the influence of the relative density is consid-ered. The constitutive relationship of the powder is obtained as follows:
The can is made of 304 stainless steel, which is fully dense and isotropic. The von Mises yield criterion is employed, which is expressed as shown in Eq. (4).
The yield surface is represented as a cylinder in the principal stress space, and the hydrostatic pressure is its rotation axis.
By using Hooke's law and considering the Prandtl-Reuss flow law related to the yield criterion, the elastic strain increment and plastic strain increment can be defined.
The increment of the elastic strain can be expressed as follows:
The increment of the plastic strain can be expressed as follows:
where d = 3 2 s ij de ij / 2 y . Generally, the strain increment of a plastic material consists of an elastic strain increment and a plastic strain increment. The constitutive relationship of the can is as follows:
Contact and friction
The deformations of the can and the powder under high temperature and high pressure result in a complex contact problem. In the finite element analysis, it is necessary to set contact conditions to determine the element motion, contact state and friction behavior between the contacting bodies. Both the can and the powder body are arranged as deformable contacts, and the inner surface of the can is in contact with the outer surface of the powder. The direct constraint method, which has high accuracy and good adaptability, is selected as the contact algorithm. According to the basic theory of contact mechanics, a nonpenetrating constraint is set on the basis of the normal displacement criterion:
where A is the incremental displacement vector, n is the unit normal vector, and D is the contact distance tolerance. In HIP, the value of friction will change following a step function in response to changes in the relative velocity and the increment of the contact displacement between the powder and the can. The following modified Coulomb friction model is used:
where fr is the tangential friction stress, is the friction coefficient, n is the normal stress of the contact node, v r is the tangential velocity, and r Vcnst is the critical relative velocity between the master and slave surfaces of the friction pair.
Considering that the powder has obvious viscoplasticity at high temperatures, the bilinear friction model is selected on the basis of the Coulomb friction model.
Thermomechanical coupling FEM
The thermomechanical coupling FEM is utilized to simulate the coupling effect of the temperature field and stress field in HIP. The deformation and flow of materials are described by the updated Lagrangian method. According to the continuum theory, the energy conservation equation is expressed as follows:
where V is the volume, S is the boundary, v i is the velocity field, U is the given internal energy,Q is the heat flow of a given volume, b i is the force of a given volume, P i is the boundary force per unit area, and H is the heat flow intensity per unit area of the boundary. For a continuum with a volume of V, the following integral force balance equation is established:
The Cauchy stress component ij is introduced in consideration of the effect of pressure on the powder. The pressure can be expressed as follows:
where n j represents the unit normal direction of the surface S. By substituting the force balance (Eq. (12)) under the integral condition into Eq. (10), the energy conservation equation of the thermomechanical coupling field can be obtained as follows:
It is assumed that the energy conservation equation and the force balance equation of the powder body are both established based on the current configuration and are not affected by the inertial term. Before calculating each incremental step, both V and S under the current incremental step are analyzed and subsequently modified after iteration, and then the next incremental step is calculated. When describing the thermal elastoplastic problem of the powder body, the total strain is decomposed into three parts, the elasticity, plasticity and thermal strain, as shown in Eq. (14):
Based on the principle of virtual work, Eq. (15) can be expressed as the Galerkin equivalent weak coupling form of weighted residuals:
where g is the Galerkin weight function, D is the deformation rate, and c is the specific heat capacity. The plastic deformation power of powder generated during densification is usually expressed in the form of volumetric heat flow. The calculation method is as follows:
where M is the conversion coefficient between work and heat. When frictional contact occurs, the friction power will be converted into heat energy in the form of surface heat flow, and the equation is expressed as follows:
where F fr is the friction force on the contact surface and V r is the relative sliding speed of the surface.
Mesh and control parameters
This study uses MSC.Marc software for the numerical simulations. Considering the symmetry of the model, the mesh is simplified to 1/4 of the model. Ignoring the effects of degassing holes, the assembly length and the weld seam between the end caps and sidewalls of the can, the mesh consists of two parts, the can and the powder, as shown in Fig. 3 . Fig. 3 (a) shows the atomized powder mesh, which is named the type I model, and Fig. 3 iteration is balanced by the constant-stiffness matrix. The total step size of the load case is set to 1000 incremental steps.
Material parameters
The can is made of 304# stainless steel, for which the material parameters are directly transferred from the material library of the Marc software. The acquisition of the mechanical and thermophysical properties of the powder is introduced in this section.
Mechanical properties of the powders
Ti6Al4V alloy powders are prepared by two different methods. One is plasma-atomized spherical powder with a particle size distribution of 15−45 m, a density of 4.51 g/cm 3 In the process of powder compaction, decreases in the plastic deformation and volume always occur; hence, Poisson's ratio is a function of the relative density , and the value does not exceed 0.5. Aryanpour [31] proposed the empirical formula for the relationship between Poisson's ratio and relative density based on experimental data, which is shown as follows:
where m is the true Poisson's ratio of the dense material at room temperature, and the corresponding value of the dense bulk Ti6Al4V alloy is 0.34. The Poisson's ratio of each specimen is calculated according to Eq. (18). Yang et al. [21] described a formulation that can be used to provide insight into the densification mechanism that is active in atomized and milled powders for Ti-6Al-4 V alloy and pure Ti. By combining it with the Arrhenius viscosity formula and the above research results, in which the surface energies of milled powder and atomized powder are taken as 1.5 J/m 2 and 1.7 J/m 2 , respectively, the viscosity expressions of the two kinds of powder are calculated, as shown in Eqs. (19) and (20):
The Shima model parameters, and ˇ, are determined by Eq. (1). By comparison with the and ˇ functions provided by Kim and Yang [32] , it can be concluded that b1, b2, b3, and b4 are 0, 0.274, 1, and 0.846 or 0, 0.274, 0.846, and 1, respectively, and that q1, q2, q3, and q4 are 1, 0.6, 1, and 0.87 or 1, 0.6, 0.87, and 1, respectively.
Thermophysical parameters of the powders
The thermophysical parameters of Ti6Al4V powder have been provided within a given temperature range from 20 • C to 700 • C [29, 33] . In the remaining temperature range necessary for the thermal simulation, the corresponding thermophysical properties are usually obtained by linear interpolation and extrapolation. These parameters are illustrated in Table 1 .
Results and discussions
To analyze the influence of different powder properties on the densification process, according to the simulation results, displacement vector diagrams of the axial section for typical times and displacement vector history curves of the whole HIP process of special nodes are employed to analyze the powder flow of the compacts. The densification behavior of the compacts is discussed by analyzing relative density distribution diagrams at the typical times and trend curves of the relative densities of special nodes. Thus, the simulation results are verified by experiments.
Powder flow analysis
Simulation results
Half of the axial section of the model is selected to draw the displacement vector diagrams, and the powder flow is ana- lyzed by comparing the displacement vectors of the two kinds of compacts at four typical times during HIP. Fig. 6 shows the displacement vector diagrams of the type I compact at four typical times. Fig. 6(a) shows the displacement vectors at 9729 s and at halfway through the loading process. The figure shows that the displacement vectors of the can and the powder exhibit a tendency to simultaneously diverge outward. The reason for this phenomenon is that both the powder and the can expand as the temperature increases, and the increased space caused by the expansion of the can further promotes the outward flow of the powder. The powder displacement in the C1 region is similar to that in the C2 region, which indicates that the thermal expansion is uniform. At this stage, due to thermal expansion, the relative density of the compact is relatively low. Fig. 6(b) shows the displacement vectors at 14,410 s and in the later stage of the loading process. The pressure applied on the can is much greater than the thermal expansion and yield stress of the material, which results in obvious shrinkage of the can. The powder flows to the center of the compact, and the relative density is further increased. In the initial stage of densification, due to the large axial dimension of the compact, the deformation resistance is smaller than that in the radial direction, which results in the displacement of the powder in the C1 region being significantly higher than that in the C2 region, with a difference of 1.8 mm. Fig. 6(c) shows the displacement vectors at 19,200 s and at halfway through the sustained loading process. The figure shows that the displacements of the can and powder obviously increase. The powder flow trend is still from each region towards the center of the compact. The difference in the powder displacements between regions C1 and C2 continues to increase, and the value reaches 2 mm. At this time, the relative density of the compact is increased, but it is still a certain distance from the dense state. Fig. 6(d) shows the last step of the load case when the compact is densified. The figure shows that the shape of unloading is not significantly different from that shown in Fig. 6(c) . From the sustained temperature and pressure stage to the unloading stage, the powder fluidity significantly decreases. In addition, it is found that the powder in the right-angled area of the can has a related higher displacement and lower relative density compared to the rest of the powder, and the powder in this region is separated from the can to a certain extent. Because the right angle of the can has a certain thickness and rigidity, the pressure transferred from the can to the right angle of the compact is not equal to the HIP pressure. Thus, the can has a shielding effect on the HIP pressure, namely, the "corner effect".
For the milled powder, as with the type I compact, half of the axial section and four typical times are selected, and the displacement vectors of the type II compact are shown in Fig. 7 . In half of the HIP loading, as shown in Fig. 7(a) , similar to the case for the type I compact, the type II compact is also in the stage of thermal expansion, wherein a displacement trend is observed from the center of the compact to the outside. More- over, the thermal expansion of the type II powder is greater and more uniform than that of the type I powder. During the later stage of loading ( Fig. 7(b) ), the can yields, and the powder shrinks towards the core of the compact. The powder displacement in the C1 region is also the highest among all the regions, but the difference between the C1 and C2 regions is larger in the type II compact than in the type I compact, with this difference reaching 2.055 mm in the type II compact. The results show that the relative powder shrinkage of the type II com-pact is higher than that of the type I compact before 14410 s. Fig. 7(c) shows half of the sustained loading process. There is continuous shrinkage deformation of the can. The powder displacement trend and relative displacement value of the type II compact are basically consistent with those of the type I compact. However, the powder fluidity in the C2 region of the type II compact is better than that of the type I compact. In the type II compact, the powder exhibits a trend of flowing towards the core of the compact. This flow causes a further increase in j m a t e r r e s t e c h n o l . 2 0 2 0;x x x(x x):xxx-xxx the powder displacement difference between the C1 and C2 regions in this stage, reaching a value of 2.52 mm, and this value is 0.52 mm higher than that of the type I compact. The flow also causes an increase in the compact relative density. In the HIP completion stage ( Fig. 7(d) ), similar to the case for the type I compact, the type II compact shrinkage slows, the flow volume decreases, and the powder has viscoplastic rheology. The maximum displacement of the type II compact powder is 5.62 mm, which is 1.15 mm higher than that of the type I compact, i.e., the shrinkage of the type II compact powder is higher, and the value of the powder displacement is larger.
Upon comparing Figs. 6 and 7 , for the two kinds of compacts, the fluidity of the powder in the C2 region (middle of the sidewall) is lower than that in other regions from the beginning of powder flow to the end of the densification process. To more intuitively analyze the powder flow and explain the reasons for the above phenomena in the models of the two kinds of compacts, special nodes located 1 mm away from the inner wall of the can in the C1 and C2 regions are selected as follows: center nodes 2 (type I and type II) of the upper end in the C 1 region; nodes 592 (type I) and 662 (type II) of the upper end near the right angle of the can in the C 1 region; nodes 893 (type I) and 998 (type II) of the sidewall near the right angle of the can in the C 2 region; and nodes 915 (type I) and 1023 (type II) of the sidewall center in the C 2 region. The locations of the selected nodes are shown in Fig. 6 (a) (type I) and Fig. 7 (a) (type II). The displacement histories of each node are shown in Fig. 8 . Fig. 8(a) shows the displacement curves of the nodes in the type I compact. For the C1-region powder, the displacement curves of nodes 2 and 592 illustrate that the displacement of node 592 near the right angle of the can is slightly larger than that of node 2 in the middle of the upper end during the densification process. In the C2 region, the powder fluidity of node 893 near the right angle of the can is greater than that of node 915 in the middle of the sidewall during the densification process. The reason for these findings can be summarized as follows: the compressive stress of nodes 2 and 915 is unidirectional since the nodes are located in the center of the upper end and the sidewall, respectively, whereas nodes 592 and 893 are located close to but do not belong to the right-angled area of the can, so thecorner effectdoes not affect the latter two nodes. Thus, nodes 592 and 893 are subjected to the unilateral compressive stress of the end cover as well as compressive stress from the sidewall of the can, and this three-dimensional compressive stress promotes the powder flow of the two nodes. Compared with nodes 2 and 915, which are also located in the center of the wall, the powder displacement at node 915 is much lower than that at node 2.
Since the powder will be subjected to both gravity and isostatic pressure in the axial direction, the powder in the C2 region will be affected by the friction force of the sidewall when it shrinks inwards within the compact, which hinders the powder fluidity of the C2 region. Additionally, from the beginning of compaction to the end of the sustained loading stage, the displacements of the C1-area powder are always higher than those of C2-area powder, indicating that the fluidity of the C1area powder is better than that of the C2-area powder. The difference in displacement between the two special nodes in the C2 region is larger than that in the C1 region. Because the axial dimension of the compact is large and the distance between node 893 and node 915 is larger than that between radial node 2 and node 592, when the pressure is transferred to node 915, the pressure loss caused by the influence of distance is not conducive to the flow and densification of the powder. The overall axial shrinkage of the compact is 8.74 mm, and the axial shrinkage rate is 15.07%. The radial shrinkage is 4.92 mm, and the radial shrinkage rate is 14.91%. Fig. 8(b) shows the displacement curves of the nodes of the type II compact. Similar to Fig. 7(a) , the flow trends and deformation trends of the powder are basically the same. The powder in each region flows towards the center. The average displacement of the powder in the C2 region is lower than that in other regions, and the powder flow of nodes near the right corner is more obvious than that at the middle of the side. The difference is that the displacement curve of the type II compact maintains a certain slope growth during the sustained-loading stage, which indicates that the displacement growth rate of the type II compact is higher than that of the type I compact in this stage. The overall axial shrinkage of the compact is 10.9 mm, and the axial shrinkage rate is 16.77%, which is 1.7% higher than that of the type I compact. The radial shrinkage is 5.58 mm, and the radial shrinkage rate is 16.92%, which is 2.01% higher than that of the type I compact.
Experimental verification of simulation results
Tw o kinds of HIP compacts are cut in half along the axial center, as shown in Fig. 9 . Both the powder and the can have undergone large deformation under high-temperature and high-pressure conditions. The filling degree of the type II compact at the right angle of the can is better than that of the type I compact, which is consistent with the simulation results. The deformation results of the experiment and simulation are comparatively analyzed, as shown in Table 2 .
Note that the experimental shrinkage rate is calculated as follows:
where ı is the actual relative error, L sim is the numerical simulation size, and L exp is the experimental size. The formula used to calculate the experimental shrinkage rate is as follows: where L 0 is the initial size of the compact and L ' is the experimental size or simulation size. In comparing the size data from the experiment and simulation, the difference between the simulated and experimental values of the radial dimension in the section-center position of the type I compact is only 0.18 mm, and the difference of the axial dimension is 0.18 mm. For the type II compact, the corresponding difference of the radial dimension is 0.20 mm, and the difference of the axial dimension is 0.8 mm. The maximum relative error in size between the two compacts is 1.18%. The experimental results of the two compacts are consistent with the simulation results in terms of the deformation trend. The trend consistency and small relative error indicate that the numerical model is acceptable.
Densification analysis
Simulation results
The relative density distribution diagrams of the two kinds of compacts are analyzed to explain the differences in the densification behaviors of powders with different physical properties in the HIP process. The can is set as a fully dense deformable material, and the relative density of the can remains unchanged in HIP. The relative density distributions of the type I compact at 4 different times are shown in Fig. 10 . The can and the powder body shrink uniformly under isostatic pressure, and the powder body is densified. The flow rule of the powder dis-cussed in Section 4.2.1 is also verified. Fig. 10(a) shows that during the loading process, the compact mesh expands outward due to the thermal expansion of the powders, and the outline of the compact deforms slightly. The relative density of the compact is approximately 60.87%, which is lower than the initial value of 62%. In the later stage of loading, as shown in Fig. 10(b) , the compact has been densified, and the volume is smaller than the initial state. The relative densities of most regions of the compact are greater than 77%, while there is an area with a remarkably low density in the C2 region. Fig. 10(c) shows the densification results in half of the sustained loading process. The relative density values in most areas have reached approximately 95%. A high-density area first appears at the edge of the compact near the right angle of the can, whereas the C2 area still has a low average density. The relative density distribution of the compact at the HIP completion time diffuses and fuses from the high-density region to the center of the compact, exhibiting a symmetrical distribution, as shown in Fig. 10(d) . Most areas have reached full density, while the lower relative density of the C2 region is approximately 95.7%. Note that in the HIP process, the powder density of the A region is always lower than that in other areas due to the "corner effect". The pressures of the end cover and sidewall on the compact are perpendicular to each other, and the resultant force is less than that of other areas of the compact, which reduces the powder fluidity in the A region. Therefore, fillets should be designed to optimize the can structure. Corresponding to the four typical times in Fig. 10 , the relative density distributions of the type II compact are shown in Fig. 11 . Compared with the type I compact, the volume shrinkage of the type II compact is more obvious, and the degree of densification of the final state is higher. Similarly, in addition to the lower relative density in region A at the sharp angle of the type II compact, another low-density area also appears in the C2 region, which has a minimum value of approximately 96%.
To provide a more detailed study of the powder densification trends of the type I and type II compacts, four kinds of nodes with different flow directions in four regions, regions A, B, C1 and C2, are selected in the two compact models (type I compact: nodes 829, 30, 2, and 915; type II compact: nodes 927, 33, 2, and 1023). The time histories of the relative densities are comparatively analyzed, as shown in Fig. 12 .
From the figure, the change trends of relative density for the nodes at the four locations are basically consistent, and there is still a density difference inside the compact after HIP. In the early stage of HIP, the relative density decreases overall due to thermal expansion. Then, when the compressive stress is higher than the thermal expansion, the relative distance between particles is improved via rotation and translation, and the coordination number is increased. The densification mechanism is the approach and rearrangement of particles. Then, as the pressure continuously increases, the original state of point contact between particles is broken, and viscoplastic deformation occurs. In the holding stage, the low porosity leads to a significant decrease in the densification rate. Because the temperature is higher than 0.5T m at this time, the main reason for densification is no longer attributed to the applied pressure. Instead, the main reason for densification is attributed to the power creep and the diffusion of the lattice and grain boundaries of the powder particles. Powders agglomerate under long-term stable compressive stress, and the original pores of particles are filled by these agglomerated powder atoms, which results in further densification of the compacts. When the temperature is unloaded, the relative density of each node continuously increases, which verifies the viewpoint that the thermal stress promotes further densification.
For the type I compact, as shown in Fig. 12(a) , the final relative densities of the four nodes are 93.99%, 97.66%, 99.96% and 95.62%, and the lower values appear on node 829 in the A region and node 915 in the C2 region. For node 915, in the initial stage of loading, the degree of densification is similar to those of the other nodes. However, as the densification progresses, the degree of densification gradually lags behind those of the other nodes, and the growth rate of the relative density at this node is not high in the holding stage. Combined with the viewpoint concerning powder fluidity mentioned above, the uneven force in the C2 region near node 915 is not conducive to powder densification. Therefore, when the powder is densified from the high-density area near the edge to the center B area of the compact, the powder in the C2 region fails to creepdiffuse to the B area in the same stress state. When the powder in the other regions preferentially flows to the center, a reverse force is applied on the powder in the C2 region, which is an uneven force that further weakens the densification behavior of the powder in the C2 region. Fig. 12 shows that the densification trends of the two kinds of compacts are not very different. The relative density difference between the C1 region and the A region in the type II compact is smaller than that between these regions in the type I compact, which indicates that the type II compact can better overcome the stress shielding at the right angle of the can, and the densification degree of the type II compact is more uniform. The slopes of the relative density curves of the type II compact are higher than those of the type I compact, which indicates that the instantaneous relative densification speed of the type II compact is higher than that of the type I compact. Furthermore, although the initial loose density of the type II compact is lower than that of the type I compact, the final average density of the type II compact after HIP is higher than that of the type I compact.
According to the method in Section 4.2.1, the same four special nodes are selected in the two compacts to further analyze the powder densification in the C1 and C2 regions. The densification curves are shown in Fig. 13 . Although the final degrees of densification of the two kinds of compacts are different (the type II compact is denser than the type I compact), the time that it takes for each compact to start densification is almost the same. For the type II compact, the slope of the curve in each stage of HIP can be regarded as a straight line, which indicates that the relative densification rate is constant in each stage, and the densification process is more uniform in the type II compact than in the type I compact. However, the densification rate of the type I compact varies greatly in the holding stage, the slope of the posterior half curve is small, and the relative density of the compact increases slowly. The density differences between the two radial nodes in model I and model II are 0.035% and 0%, respectively, and the ratios of the density to the radial dimension are 0.001% and 0%, respectively. For the axial direction of model I and model II, the density differences between the two nodes are 4.38% and 4.13%, respectively, and the ratios of the density to the axial dimension are 0.071% and 0.064%, respectively. Therefore, the difference in the compact density is closely related to the physical properties of the metal powders. Under the same working conditions, the Ti alloy powders prepared by high-energy ball milling are easier to densify compared to the atomized powders with the same composition, and the degree of densification is higher in the milled powders than in the atomized powders. Fig. 14 presents a comparison of the overall densification trends of the type I compact and the type II compact. From the figure, although the initial loose density of the type II compact is lower than that of the type I compact, the average density of the type II compact is higher at the end of HIP. In the initial thermal-expansion stage, the densification degree of the type I compact is higher than that of the type II compact. In the later loading stage, the compact is rapidly densified, and the average relative density of the type II compact gradually becomes higher than that of the type I compact.
This phenomenon primarily occurs because of the different physical properties of the powders. Compared with the milled powder, the atomized spherical powder has a smooth surface, a regular shape, and a uniform and fine particle size. The atomized particles have fewer internal defects, a greater activation energy of viscous flow and a greater viscosity than do the milled particles. Additionally, the surface energy of the atomized powder is larger than that of the milled powder due to the smaller particle size. Therefore, in the early stage of rapid densification, the densification of the atomized powder is dominant. In the latter half of rapid densification, the densification rate of the milled compact is obviously accelerated. After powder is subjected to high-energy ball milling, the free energy of metal materials increases because of decreases in the grain size and the dislocation overlap and increases in the number of grain boundaries, the disorder degree of atoms, and the number of defects. In the densification process, when the temperature reaches a certain value, the energy stored in the milled powder can be released, which further improves the densification level of the milled powder.
Generally, for powders of the same composition, different morphologies will cause differences in physical properties such as the surface energy, average particle size, and viscosity. The more regular the shape of powder particles, the better is the fluidity. The smaller the particle size, the lower is the viscosity and the higher is the surface energy. Liu et al. [34] investigated the densification mechanism of Ti-based metallic glass powders, and the results showed that a higher surface energy can promote the shrinkage and densification of powder. Due to the large particle size range and different particle sizes of milled powder, fine powder can be filled into the gaps between coarse powder particles during the densification process, which promotes the formation of a sintering neck and easily yields high-density compacts. Furthermore, because the shapes of milled powder are irregular and the loose density is low, the contact area of the powder increases during densification, while the bonding of compacted particles strengthens, which can improve the strength and formability of the com-pact. The ball milling process is a powder pre-alloying process, which also improves the plasticity of the original powder, so the compressibility of the milled powder is better. In conclusion, under the same working conditions, the energy of the milled powder is higher than that of the atomized powder, which is more conducive to powder densification.
Experimental verification of simulation results
Samples with dimensions of 3 × 6 mm are prepared from four areas, regions A, B, C1 and C2, in the two kinds of compacts, which correspond to the numerical simulation. The sampling positions are shown in Fig. 12 . The densification difference between the two kinds of compacts is comparatively analyzed by measuring the sample density and the overall average density of the compacts. The sample mass is determined on a Sartorius/BS 224S electronic balance, and the average relative density of the compact is calculated by thedrainage method. In addition, the Rockwell hardness (HRB) is measured at 175 and 137 test points in the cross sections of the two kinds of compacts, and the relative density of each hardness test point is calculated according to the measured hardness value via the formula shown in Eq. (23). The measured, calculated and simulated values of the relative density are shown in Fig. 15 , and the hardness values and relative errors are shown in Table 3 .
From Fig. 15 and Table 3 , the trends of the Rockwell hardness and relative density of the two compacts are consistent with the numerical simulation results. The relative errors between the measured values, calculated values and simulated values of the compacts are small, with the maximum values of 2.31% for the type I compact and 2.66% for the type II compact. The experimental and simulation values of the average relative density of the type I compact are 0.9901 and 0.9859, respectively, and the relative error is minor, at 0.42%. The experimental and simulation values of the average relative density of the type II compact are 0.9953 and 0.9913, respectively, and the relative error is minor, at 0.4%. Thus, the numerical model is verified.
Microstructural analysis
Scanning electron microscopy (SEM)-determined microstructures of the HIP sintered bulks of the two kinds of compacts are shown in Fig. 16 , which illustrate that the different physical properties of the powder greatly impact the compact microstructure under the same HIP working conditions. In Fig. 16(a) , there are some pores in the field of vision in the type I compact. The spherical outline of the original powder particles is still visible. Most gaps appear at the contact boundary of the spherical outlines. The microstructures are basically disordered layered ␣-phase and are distributed according to the original shape of the particles. In Fig. 16(b) , the type II compact has no pores in the field of vision and achieves full density. The microstructure is composed of equiaxed structures and lamellar structures; however, the microstructure mainly consists of equiaxed structures. The deformation degree of the type II compact is larger than that of the type I compact. Accordingly, the shear stress in the milled powder particles is also larger than that in the atomized powder particles, and the number of lamellar ␣-phases being bent and cut increases. Moreover, most of the original needle-like structures of a powder will be broken into fine and nonuniform grains during high-energy ball milling. This part of the powder has a high content of defects in the grains and a greater amount of stored free energy, which is conducive to recrystallization and nucleation, indicating that the microstructures of the compacts will grow into equiaxed structures after HIP. The lower energies of powders with insufficient milling results in the exclusive formation of lamellar structures after HIP. Therefore, the final microstructure of the type II compact is an irregular mixture of lamellar and equiaxed structures. In addition, the compressive mechanical properties of the two compacts are tested at room temperature using samples with dimensions of 3 × 6 mm obtained from the densest region of each compact (C1 regions in both compacts). The elastic modulus values of the type I and II compacts are measured as 23.1 and 37.7 GPa, respectively, and the yield strengths of the type I and II compacts are measured as 742.13 and 1639.69 MPa, respectively. Combined with the microstructural analysis, the lamellar microstructure of the type I compact contributes greatly to the plasticity improvement of the Ti6Al4V bulk alloy, while due to the high dislocation storage capacity and stress dispersion ability of the equiaxed crystalline phase, the strength of the type II compact is greatly enhanced by the equiaxed structure.
Conclusions
The powder flows and densification behaviors of atomized and milled Ti6Al4V powders during HIP are studied by finite ele-ment simulations and experiments. The main conclusions are as follows:
1 A numerical simulation method is proposed for Ti6Al4V powder HIP. A model based on the thermomechanical coupling FEM is established, wherein the modified Shima model is employed for the yield criterion and the contact algorithm and the Coulomb bilinear friction model is utilized to handle the complex nonlinear problem of the HIP process. The key material parameters of the two kinds of powder required for the simulation, including the elastic modulus, Poisson's ratio, yield strength, viscosity, and Shima model coefficients and ˇ, are measured.
A comparison of the simulated and experimental results
shows good agreement of the deformation trends and densification behaviors of the two kinds of compacts. The overall shrinkage of the milled powder compact is relatively large, and the maximum relative error between the experimental and simulated values is 2.66%. The Rockwell hardness of the experimental sample corresponds well to the relative density distribution. The experimental and simulated results of the relative density exhibit similar distribution trends, and the relative error between the experimental and simulated values is small. The accuracy and validity of the numerical model are verified by the experiments. 3 The HIP process for the Ti6Al4V powder follows a densification law, in which the relative density decreases first and then increases. Because the powder near the right angle of the can is subjected to triaxial compressive stress and the powder located in the middle of the sidewall is subjected to uniaxial compressive stress, the density distributions of the compacts decrease gradually from the outside to the inside and from both ends near the right angle of the can to the middle. Thecorner effectresults in a low powder densification in the right corner of the can (region A) due to stress shielding and insufficient powder supplementation. 4 For Ti6Al4V powders with the same composition, different physical properties, such as particle sizes, surface energies and viscosities, will cause differences in the densification mechanism and degree. The specific performance is as follows: under the same working conditions, the density distribution of the milled powder compacts is similar to that of atomized powder compacts, but because the energy of the milled powder is higher than that of the atomized powder, the milled powder is more conducive to densification. 5 Based on combining the microstructural analysis with the mechanical property tests, the lamellar microstructure of the atomized powder sintered body contributes more to compressive plasticity than to strength, whereas the equiaxed microstructure of the milled powder sintered body mainly contributes to strength enhancement.
